Defect-induced magnetism is firstly observed in neutron irradiated SiC single crystals. We demonstrated that the intentionally created defects dominated by divacancies (V Si V C ) are responsible for the observed magnetism. First-principles calculations revealed that defect states favor the formation of local moments and the extended tails of defect wave functions make long-range spin couplings possible. Our results confirm the existence of defect-induced magnetism, implying the possibility of tuning the magnetism of wide band-gap semiconductors by defect engineering. DOI: 10.1103/PhysRevLett.106.087205 PACS numbers: 75.50.Pp, 71.15.Mb, 71.55.Ài, 75.50.Dd It is well known that localized magnetic moments and the coupling between them are two indispensable factors to induce long-range spin ordering in solids, exhibiting ferromagnetism (FM), antiferromagnetism (AFM), ferrimagnetism, etc. The local spins usually come from the elements containing the partially filled 3d or 4f subshells, where the electron configuration favors the high-spin states according to the Hund's rule. The coupling strength between the spins depends on the exchange integral that is sensitive to the separation of the spins. Coupling over a large separation is possible as evidenced by diluted magnetic semiconductors, where the concentrations of 3d metals are only several percents. The itinerant carriers are thought to play a role in mediating spin orientations between magnetic atoms. Recently, more interest has focused on the magnetism in wide band-gap (WBG) semiconductors as the Curie temperatures can be attained at around room temperature (RT) by dopings, which is important for applications in spintronics [1] [2] [3] [4] [5] [6] [7] . Limited solubility of 3d metals in WBG semiconductors, however, often leads to the precipitation of second phases, thwarting the attempts to get the unambiguous experimental results [2, 8] . So, study on the low solubility regime is preferred. Yet, the separation of contributions to the observed magnetism from magnetic elements and other sources still remains difficult.
It is well known that localized magnetic moments and the coupling between them are two indispensable factors to induce long-range spin ordering in solids, exhibiting ferromagnetism (FM), antiferromagnetism (AFM), ferrimagnetism, etc. The local spins usually come from the elements containing the partially filled 3d or 4f subshells, where the electron configuration favors the high-spin states according to the Hund's rule. The coupling strength between the spins depends on the exchange integral that is sensitive to the separation of the spins. Coupling over a large separation is possible as evidenced by diluted magnetic semiconductors, where the concentrations of 3d metals are only several percents. The itinerant carriers are thought to play a role in mediating spin orientations between magnetic atoms. Recently, more interest has focused on the magnetism in wide band-gap (WBG) semiconductors as the Curie temperatures can be attained at around room temperature (RT) by dopings, which is important for applications in spintronics [1] [2] [3] [4] [5] [6] [7] . Limited solubility of 3d metals in WBG semiconductors, however, often leads to the precipitation of second phases, thwarting the attempts to get the unambiguous experimental results [2, 8] . So, study on the low solubility regime is preferred. Yet, the separation of contributions to the observed magnetism from magnetic elements and other sources still remains difficult.
On the other hand, there has been increasing evidence that traditional magnetic elements are not the sole source in inducing intrinsic magnetism; for a recent review see Ref. [9] . RT FMs were observed in highly oriented pyrolytic graphite (HOPG) [10] [11] [12] , in Al doped SiC [13] , in Li doped ZnO [14] , and in various nanosized compounds [15, 16] that are otherwise nonmagnetic in their bulk states. Theoretical studies revealed that the local moment can form from defects and the extended tails of their wave functions mediate long-range magnetic coupling [17] [18] [19] [20] [21] [22] .
In this Letter, we provide convincing experimental evidence that defects can induce magnetism in clean single crystals. The results on the magnetic properties of 6H-SiC single crystals containing intentionally created defects by neutron irradiations under various doses are reported. It is demonstrated that defects, most of which are V Si V C , are the origin to the observed magnetism by carefully ruling out other possible sources and comparing the results with that of their pristine counterparts. First-principles calculations confirm that local moments are due to the defect sp states and the couplings are very long-range. Our study not only verifies the previous theoretical predictions [18] [19] [20] 22] 
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We first examined the crystallinity of the samples after neutron irradiations. Raman spectra in Fig. 1(a) show that the patterns of 6H-SiC crystals irradiated by varying neutron doses are similar to that of the pristine one. There are no other SiC polytypes or secondary phases detected under the sensitivity of Raman characterization. The main difference among the patterns is the decrease in intensity for each mode with increasing irradiation dose. Figure 1 (b) displays the relative intensity variation of the folded longitudinal optical (FLO) mode given by (1 À I=I 0 ) vs irradiation dose, where I 0 and I are the intensities of the peak measured in the pristine and irradiated samples, respectively. Such a change in relative intensity suggests the existence of defects or lattice damages [23] in the irradiated samples though there is no noticeable change in FWHM of x-ray rocking curves.
To investigate the defect types and their concentrations created by the neutron beam, we performed a series of measurements by positron annihilation lifetime spectroscopy (PALS). A lifetime spectrum is a linear combination of exponential functions corresponding to different annihilation sites. As a rule, we fit all the measured spectra into an exponential function of three components. A long lifetime of about 2000 ps corresponding to annihilations at voids or sample surface is found to be very small in its fraction as usual [24] and we do not consider it in the following analysis. The fitted two remaining positron lifetimes 1 , 2 , and the fraction of the longer lifetime ( 2 ) component I 2 as functions of irradiation dose are shown in Fig. 2 . It is found that the lifetimes 1 and 2 , taking values of 130 AE 14 ps and 239 AE 20 ps, are independent of irradiation dose, while I 2 is closely correlated with irradiation dose. The lifetime value of 130 AE 14 ps, similar to the prior experimental [25] [26] [27] and theoretical values [28] , is attributed to the bulk lifetime of 6H-SiC. The positron trapping center at 239 AE 20 ps, close to 253 AE 4 ps [25] and 225 AE 11 ps [27] , is defect related and corresponding to defects dominated by V Si V C in p-type 6H-SiC crystals.
The dependence of I 2 on irradiation dose reveals that the concentration of V Si V C increases with the increasing irradiation dose, in accordance with the Raman scattering data. The PALS measurements show that V Si V C is created by neutron irradiations and confirm that its concentration is enhanced by increasing dose. In our case, the concentration of V Si V C was roughly estimated to be 4:3 Â 10 17 cm À3 at the largest dose of 2:29 Â 10 18 n=cm 2 assuming that the pristine crystal's concentration is 4:1 Â 10 16 cm À3 [27] . The magnetization measurements were performed with a superconducting quantum interference device vibrating sample magnetometer which features a sensitivity of 10 À7 emu. Figure 3(a) shows the variations of magnetization with applied field in the range of À5 KOe < H < 5 KOe at 5 K. It is noticed that only diamagnetic (DM) features can be observed in the pristine sample. After a low dose irradiation of 1:91 Â 10 17 n=cm 2 , the sample's DM features are becoming weaker and a minor hysteresis loop can be seen in low magnetic field range. With increasing irradiation dose, the magnetic order gradually enhances and DM M-H features further weaken, accompanied by an anticlockwise rotation of the hysteresis loops. Finally, at a dose of 2:29 Â 10 18 n=cm 2 , a distinct hysteresis loop with ferromagnetic features as indicated in Fig. 3(b) can be clearly seen and the saturation magnetization reaches 1 Â 10 À4 emu=g, which is $23 times larger than 4:3 Â 10 À6 emu=g, the maximum value possibly induced by the magnetic impurities in the used SiC crystals in this study. Even at 300 K, hysteresis loop can still be observed as shown in Fig. 3(c) with saturation magnetization of about 2 Â 10 À5 emu=g. (Note that the FM is not homogeneously distributed but probably exists in domains. The magnetization values obtained by dividing the magnetic moment by the total mass do not correspond to the expected intrinsic values.) The observed hysteresis loops demonstrate that intrinsic magnetism is definitely induced by neutron irradiations. The similar variations of the divacancy concentration and the saturation magnetization with increasing irradiation dose suggest that the magnetism in neutron irradiated 6H-SiC is closely associated with V Si V C . To understand the origin of the observed magnetism, we carried out firstprinciples calculations based on spin-polarized densityfunctional theory. All the calculations were performed by using the generalized gradient approximation in the form of the Perdew-Burke-Ernzerhof function [29] , which was implemented in the Vienna ab initio simulation package [30] . Self-consistent field calculations were performed using projector augmented wave pseudopotentials with the cutoff energy set to 310 eV [31] . A supercell consisting of 4 Â 4 Â 1 unit cells of 6H-SiC containing one axial V Si V C [Si 95 ðV Si ÞC 95 ðV C Þ], corresponding to a defect concentration of 0.5%, was built for calculations. (Note that this structure is studied only for obtaining the relationship between magnetism and defects and shall not be considered to represent a realistic distribution of defects.) The calculated spin-resolved density of states (DOS) of the 192-atom supercell [see Fig. 4(a) ] shows that each neutral V Si V C yields a magnetic moment of 2:0 B , consistent with the previous report [32] . Using this value, the numbers of the moments involved in FM and paramagnetism related to V Si V C were estimated to be 3:5 Â 10 16 cm
À3
and 6:7 Â 10 17 cm À3 , respectively. The total number 7:0 Â 10 17 cm À3 agrees with the estimated number of moments (8:6 Â 10 17 cm À3 ) created by V Si V C based on PALS measurements, confirming the correlation of the magnetism with the divacancies. The spin-polarization energy, which is defined as the energy difference between the spin-polarized and spin-unpolarized states, was calculated to be 1.90 eV suggesting the spin-polarized state stable well above RT [19] . The spin polarization induced by the neutral V Si V C leads to a 0.50 eV splitting between the majority-and minority-spin states. It should be pointed out that the splitting energy correction is not included here due to the consistency between the current calculation and the observation [33] . Figure 4(b) shows the charge density isosurface of defect states associated with a neutral V Si V C in the 192-atom supercell. It demonstrates both the localized nature and the extended tails of the defect wave functions beyond the supercell, similar to the calculated results in vacancy-containing III-nitrides [19] .
The extended tails of the defect wave functions will induce the long-range coupling between the moments caused by V Si V C . Following the calculating scheme by Dev et al. [19] , we doubled the size of the supercell by putting two 192-atom cells side by side and attempted to study the magnetic coupling (FM or AFM) between the V Si V C -induced local moments. (Note that this antiferromagnetic structure is designed only for obtaining the magnetic interaction.) The energy difference between the antiferromagnetic and ferromagnetic phases is E AFM À E FM ¼ 8J 0 S 2 according to the nearest-neighbor Heisenberg model, where J 0 is the nearest-neighbor magnetic coupling and S is the net spin of the defect states. A negative J 0 means that AFM is energetically favored and otherwise FM favored. As shown in Table I , the neutral V Si V C couple antiferromagnetically with a separation of adjacent divacancies 12.3 Å . While for (þ 1, þ1) and (À 1, À1) charge states, we obtain ferromagnetic couplings with the identical separation. The varying values of J 0 for different charge states represent the different localized levels of the wave function, while the much larger value of J 0 for (À 1, À1) charge state suggests that the electronic structure is more delocalized. Charging the divacancies is found to be favorable for promoting the magnetic coupling between the V Si V C -induced local moments. In our case, charging is probable as B acceptors and N donors with a level of $10 17 cm À3 exist in the samples, with former's concentration a little bit higher. In addition, if the charge concentration is less than the divacancy density, this means that V Si V C will be partially charged. Charged V Si V C and neutral V Si V C side by side may exist in some domains. We calculated the exchange interaction and found J 0 is À19:1 meV for (0, þ1) and 9.8 meV for (0, À1) if assuming that the spins of V Si V C are all the same in this case, suggesting partially charged divacancies also favor inducing spin ordering. The strong antiferromagnetic interaction for (0, þ1) charge state implies V Si V C charged by this way is not significant, if any, in our samples.
So far, we have studied the magnetic properties of semiinsulating p-type 6H-SiC with neutron irradiations. Many other techniques, including proton irradiation, ion implantation, electron bombardment, quick quenching, etc., might also alter the concentration or charge state of defects in SiC crystals, and hence induce the magnetization. In fact, some of the techniques have been successfully used to induce FM in HOPG [10] [11] [12] . It will be very interesting to obtain magnetic SiC and other WBG semiconductors with transition temperatures around or even above RT by these techniques.
In conclusion, we carefully study the defects and magnetism in 6H-SiC single crystals irradiated by varying doses of neutrons. V Si V C are found to dominate in defects in crystals after irradiations. Our results unambiguously verify that defects can induce magnetism. The localized nature of the defect sp states foster the formation of local moments whereas the extended tails of the defect wave functions induce the long-range coupling between the moments caused by V Si V C . The results show the possibility of tuning the magnetization of SiC and other WBG semiconductors through defect engineering.
This 
